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Introduction
The majority of radical prostatectomy (RP) specimens harbor multiple topographically separate prostate cancer (CaP) foci [1, 2] . It has long been recognized that these intraprostatic CaPs vary in biological aggressiveness and progress at different rates [1, [3] [4] [5] [6] [7] . Recent application of next-generation (NextGen) sequencing has identified significant diversity in the genomic make-up of prostate-confined CaPs [8] , both among index CaP lesions in general [9] [10] [11] [12] [13] and among index lesions with the same Gleason score (Gleason 7) [14] , and in some cases among CaP foci from different regions of the same RP specimen [14, 15] .
Most of these NextGen results have been obtained using whole-genome sequencing, whole-exome sequencing, or copy number analyses. The extent to which heterogeneity in somatic alterations at the DNA level is reflected in, or overlaps with, differential gene expression or the presence of gene fusions at the RNA level remains uncertain. To the best of our knowledge, no study has systematically assessed the extent to which such variability applies to [ 1 7 
_ T D $ D I F F ] the individual
CaPs in an RP specimen. These are important considerations because urologists increasingly rely on molecular classifications and prediction based on gene expression profiles for CaP risk stratification and clinical decision-making [16] , and the relevant information is derived from single CaP core biopsies or index lesions.
This study was conducted to systematically define the intratumoral and intertumoral genomic heterogeneity in all nonmicroscopic and noncontiguous intraprostatic CaP foci from patients at higher risk of metastatic progression. Genomic heterogeneity within and among CaP lesions was assessed for its impact on classification of CaP foci according to recently proposed molecular taxonomy [13] , on expression profiles of gene sets that underlie the Oncotype DX (http://oncotypedx.com), Prolaris (http://prolaris.myriad. com), and Decipher (http://deciphertest.com) prognosticators [16] , and on androgen receptor (AR) activity, which is targeted by androgen deprivation therapy and radiation therapy for recurrent CaP after RP [17] [18] [19] [20] .
2.
Patients and methods
Patient selection
Four consecutive patients (CAP-001, -002, -003, and -004) who presented with National Comprehensive Cancer Network intermediate-risk (n = 1) or high-risk (n = 3) CaP [17] and underwent RP at Roswell
Park Cancer Institute (RPCI) in June-July 2014 were selected for the study. None of the patients had received neoadjuvant therapy. The study received institutional review board approval before initiation. Patient and CaP characteristics are shown in Table 1 . Table 1) to define genomic heterogeneity within the index CaP lesion (intratumoral heterogeneity) and between CaP lesions (intertumoral heterogeneity). RNA and DNA were extracted simultaneously for each tissue core (n = 26). Each DNA sample was analyzed for somatic alterations using a SureSelect XT WES assay (Agilent Technologies, Santa Clara, CA, USA). The median sequencing depth ranged from 88Â to 127Â. All samples had at least 90% of targeted regions covered with 30Â or greater coverage (Supplementary Table 2 ). The number of somatic CaP mutations varied from 26 to 120 per patient, which is consistent with previous reports [10, 11, 13] . Customized HaloPlex targeted sequencing of the same DNA samples validated 90.1% of mutations identified in the WES discovery phase (Fig. 1, Supplementary Table 3 ). The variant allele frequency for mutations measured using WES and customized HaloPlex targeted sequencing were highly consistent ( Supplementary Fig. 3 ). Some mutations have been reported in CaP (eg, PTEN, AKT1, MLL2) [11, 13, 22, 23] , whereas others affect known cancer census genes (eg, JAK1) [24] , or have not yet been reported at high frequency in organ-confined CaP but have been implicated in other human malignancies (eg, GNAO1) [25] . Of the 210 somatic mutations that were validated, 141 are predicted to cause amino acid changes, including missense and nonsense single-nucleotide variations (SNVs), splice SNVs, and indels (Supplementary Table 3 ). Of these 141,[ 2 _ T D $ D I F F ] 133 mutations affect genes known to be subject to somatic mutations in clinical CaP (0.3-13.1% of cases, Supplementary Table 4 ). The significantly higher frequency (p < 0.001) of mutations affecting the genes encoding CELSR3, CSMD1, FGD5, MINK1, MLL2, SCN5A, USH2A, and ZFHX3 in CaP that has failed androgen deprivation therapy in comparison to treatment-naïve CaP suggests that these may be potential driver mutations.
Results
All nonmicroscopic and noncontiguous
Significant intratumoral and intertumoral heterogeneity was observed at the level of individual somatic mutations ( Fig. 1) . Each alteration was found to occur in one patient only and was detected in one to all of that patient's CaP foci. Tumor heterogeneity was characterized using the presence or absence of shared and private somatic alterations. Among the three tissue cores from the index lesion for a representative case (CAP-003), Td1a and Td1c shared a very similar mutation profile that was markedly different from that of Td1b, which suggests the presence of intratumoral heterogeneity. At the intertumoral level, high levels of similarity were found between Td1a and Td1c of the index lesion and
, while another core of the index lesion, Td1b, was more similar to lesion Td3. The mutation profiles of Td2 and Td5 were distinct from that of the other foci. For example, a PTEN Q248* nonsense mutation was not detected in Td2 and Td5, but was found in other foci. The results indicate both intertumoral and intratumoral heterogeneity in somatic alterations.
For each patient, a phylogenetic tree was generated based on somatic mutations. Clonal evolution of CaP foci can be inferred from these trees, and different levels of intratumoral and intertumoral heterogeneity were observed (Fig. 2) . CAP-001 and CAP-003 showed greater intratumoral heterogeneity, with foci from the same index lesion clustered with another lesion (Td5 and Td4, respectively) compared to CAP-002 and CAP-004. The phylogenetic tree modeling also showed that different foci obtain additional private somatic mutations during clonal evolution.
CaP DNA was analyzed for CNAs using OmniExpress assays (Illumina, San Diego, CA, USA), except for two tissue cores (Supplementary Table 5 ) for which insufficient DNA remained. Few CNAs were identified per core, and the vast majority were deletions ( Supplementary Fig. 4 ). Specific Reference Sequence (http://www.ncbi.nlm.nih.gov/refseq/) database genes targeted by focal CNAs are listed in Figure 1 , and include previously reported alterations in localized CaP Table 4 ). 0 1 7 ) 1 8 3 -1 9 2 (eg, PTEN, ZFHX3, ETV1) [13] . These alterations were verified in gene expression data (eg, PTEN) and gene fusion data (eg, ETV1) from RNA-Seq experiments on the same tissue cores. Both intratumoral and intertumoral CNA heterogeneity was found (Fig. 1) .
Sufficient RNA was isolated to yield high-quality TruSeq (Illumina) RNA-Seq data for 23 CaP foci (Supplementary Table 5 ). An average of 115 million reads per sample and an average mapping rate of 93% were achieved (Supplementary Table 6 ). When gene expression patterns were evaluated via unsupervised clustering using significantly differentially expressed genes (Fig. 3A) , CaP cores from the same patient or the same index lesion did not always group together. Principal component analysis of gene expression profiles confirmed this heterogeneity (Fig. 3B) . Pairwise comparison of differentially expressed genes (at least twofold difference and p < 0.05) in CaP foci from each patient confirmed both intratumoral and intertumoral heterogeneity in gene expression patterns ( Supplementary  Fig. 5 ). The number and range of differentially expressed genes within and among CaP foci of all four patients are shown in Supplementary Tables 7-10. For each patient, intertumoral heterogeneity was greater than the diversity in gene expression patterns within different regions of the index lesion.
RNA-Seq data were also mined using two independent prediction algorithms (Cicero and DeFuse) to identify gene fusions. Well-known CaP gene fusions such as TMPRSS2-ERG and SLC45A3-ETV1, as well as novel gene rearrangements (eg, DHCR24-MFSD4), were present in one or more (but not all) of each patient's cores. Rearrangements that involved the same genes but differed in breakpoint location were found (eg, TMPRSS2-ERG). As predictions in this manner are prone to generate false positives, efforts were focused on those fusions returned by both programs (Fig. 1) . Predicted gene rearrangements were validated using endpoint polymerase chain reaction (PCR) on cDNA generated from CaP-derived RNA and capillary sequencing of PCR products. The presence of rearrangements and breakpoint locations were validated for seven of eight predicted gene fusions (eg, DHCR24-MFSD4; Supplementary Table 11 ). The exception was a predicted KLK2-KLK3 fusion, for which RNA-Seq data mapped to sequences with high homology in the KLK2 and KLK3 gene sequences. In general, fusions predicted by both algorithms were validated, those not predicted by either were not, and some were verified after prediction by one program (eg, LRIG1-CDC7 in CAP-003; Supplementary Fig.  6 ). The majority of DNA-derived genomic heterogeneity was conserved at the RNA level, but additional variability in gene expression and gene fusions was identified when analyzing RNA.
Molecular pathologic information derived from a single prostate biopsy or index lesion is increasingly used to guide CaP treatment decisions [16, 26] . The impact of genomic heterogeneity among CaPs, and between DNA-and RNAbased assays, on assigning a patient's individual CaP foci according to a recently proposed molecular taxonomy [13] that is based on gene fusion status (ERG, ETV1/4, FLI1) or somatic mutations (SPOP, FOXA1, IDH1) was determined. CAP-002 and CAP-004 CaPs harbored TMPRSSR-ERG fusions (Fig. 4A) , which is consistent with the high prevalence of this gene rearrangement [26] . However, only two of five foci from each patient contained these rearrangements. Similarly, not all foci from patient CAP-003 harbored ETV1
[ ( F i g . _ 3 ) T D $ F I G ] fusions. The vast majority of foci could not be classified as belonging to any of the seven subgroups in this taxonomic system. Data from four independent studies that analyzed 163 independent CaP foci from 60 RP specimens [14, 15, 27, 28] The discovery cohort. Each CaP focus was classified into seven groups that were the basis for a recently proposed molecular taxonomy for localized CaP. Classification was performed according to the presence of gene fusions involving ERG, ETV1, ETV4, or FLI1, or somatic mutations affecting SPOP, FOXA1, or IDH. ERG, ETV1, ETV4, and FLI1 gene fusions were predicted by both DeFuse and Cicero algorithms. Yes = CaP focus was classified into a molecular taxonomy group; No = CaP focus could not be classified; black cells = sample was not assayed; yellow highlights = predicted by DeFuse only; blue highlights = predicted by Cicero only. (B) Validation using publicly available data sets. Independent CaP foci from multifocal CaP radical prostatectomy specimens procured from 60 patients in four independent studies [14, 15, 27, 28] were evaluated for the presence of seven The Cancer Genome Atlas (TCGA) classifiers as above. WGS = whole-genome sequencing; WES = whole-exome sequencing; FISH = fluorescent in situ hybridization. Evaluable = the TCGA classifiers can be evaluated in the data set used to profile the CaP focus; N/A = classifier not present; concordant foci = CaP foci classified according to the same TCGA classifier; discordant foci = CaP foci classified according to different TCGA classifier; classified 2T = same CaP focus classified according to two TCGA classifiers; not classified = CaP foci that could not be not classified according to any of the seven TCGA classifiers.
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SPINK1 expression (twofold or greater) was found between Td1a and Td5, Td1b and Td5, and Td2 and Td5 in CAP-003 (Supplementary Tables 7-10 ). These findings indicate that sampling different regions of the same RP specimen can have a major impact on CaP (mis)classification. These results prompted us to quantitate, for each CaP focus, the expression of gene signatures that are the foundation of increasingly popular genomic prognostic tests used to stratify indolent versus aggressive CaP. Scores were generated that summarize the composite expression of: (1) 12 cancer genes that the Oncotype DX test uses to predict adverse pathology at RP and recurrent CaP after RP; (2) 31 cell-cycle progression genes that the Prolaris test uses to stratify patients according to CaP aggressiveness; and (3) the 22 genes that the Decipher assay uses to estimate the probability of metastatic disease [16] (Supplementary  Table 16 ). Two or more cores from each patient had similar scores for each prognosticator, but considerable intratumoral and intertumoral diversity in score range and directionality was observed. Differences were most pronounced for the gene profiles of the Prolaris test, and somewhat less pronounced for the gene signature underlying the Oncotype DX assay (Fig. 5A) Table 17 ). While some scores showed a consistent pattern with phylogenetic trees (eg, Prolaris in CAP-002 and AR in CAP-004), such consistency was not clear or generalizable overall (Supplementary Fig. 7 ). Similar variability was found for scores derived from matched preoperative CaP biopsies and CaP cores from the same prostate area for an independent cohort of 24 patients [30] (Supplementary Fig. 8A ).
Androgen deprivation and/or radiation therapy are the default treatments for CaP recurrence after RP [17] . These treatments affect AR activity [18] [19] [20] 31] the four patients studied here were at high risk of recurrence, an assessment of AR activity was performed for each CaP focus by measuring the expression of a select set of AR target genes [13, 32] (Supplementary Table 16 ). We found remarkable diversity in AR activity scores both within and among CaPs from CAP-001 to CAP-004. AR activity did not correlate with any other scores or with the prostate region from which the cores were obtained (Fig. 5B) and did not map consistently to phylogenetic trees, but did correlate with Gleason score (Supplementary Fig. 7 , Supplementary  Table 17 ). These conclusions also held true for comparison of 24 pairs of matching biopsies and prostatectomy cores ( Supplementary Fig. 8B ).
Discussion
The ultimate goal of genomic classifiers and prognosticators to predict the aggressiveness of clinically localized, untreated CaP is to individualize risk stratification and optimize treatment plans [16, 26] . The clinical utility and cost-effectiveness of genomic assays to inform on diverse
behavior depend on their ability to measure in a representative manner the CaP genomic composition for an individual patient. Capturing the multifocal nature of CaP is critical, since a patient's index lesion or a preoperative biopsy is not necessarily the lesion that leads to lethal CaP [33] . Our findings of considerable intratumoral and intertumoral CaP heterogeneity provide insight into the limitations of the classification tools available and opportunities to improve on their performance. The majority of foci characterized (104/189, 55%) did not fit any of seven molecular taxonomy categories derived from index lesions from 333 primary CaPs [13] . These observations are in accordance with previous reports that TMPRSS2-ERG fusion status, one of the classifiers used, differs among intraprostatic CaP foci. Inconsistent reports of association between TMPRSS2-ERG status and postoperative risk of CaP progression [26] may be because of inadequate tissue sampling. Similar problems may be encountered when recent TCGAderived classifications [13] are developed further to guide treatment decisions regarding active surveillance and (multi-)treatment modalities. The presence of the same somatic mutation in index lesions and smaller CaP foci within the same prostate brings into focus the potential relevance of monoclonal or polyclonal origin of multifocal CaP [8, 14, 15] . Our tissue procurement method reduces the likelihood of monoclonal origin because of field cancerization or seeding to spatially contiguous prostate regions. Low correlation between the location of mutations and intraprostatic blood or lymph flow makes monoclonal intraprostatic reseeding less plausible. These patients presented with localized CaP without any evidence of metastases, so reseeding of oligometastatic CaP to the prostate also seems unlikely. Polyclonal CaP origin in which the same genes are affected by the same somatic alteration in different CaP foci may be linked to patient-specific germline, microenvironment, or lifestyle factors. This study quantitated, for the first time in the same tissue core, the expression levels of genes that inform the Decipher, Prolaris, and Oncotype DX prognosticator scores [16] , as well as AR activity [13, 32] . These analyses revealed considerable variability within and among CaP foci. Although for some of the 28 patients studied here at least two CaP foci had comparable values for one or more scores, in general the correlation of those values between different intraprostatic CaPs was low. Sampling issues may explain previous reports of similarity (Oncotype DX (GPS) 34 ) and dissimilarity (8 of 24 incongruent Decipher risk categories between matched biopsies and cores obtained from same prostate area [30] ) in score values derived from two CaPs from an RP specimen [30, 34] . Care is required when interpreting data from our analyses since we did not utilize the commercial Decipher, Prolaris, and Oncotype DX tests, but quantitated expression of the genes measured in these tests on another gene expression platform, RNA-Seq instead of oligoarray (Decipher) or real-time reverse transcriptase-PCR (Oncotype DX), which could have affected the scores. Analyses of gene profiles herein may also be a factor, since algorithms that are used in commercial assays were not available. The identity of three transcripts (Supplementary  Table 16 ) from the commercial Decipher assay is proprietary information. The specific AR-dependent gene set studied may have influenced the results; we quantitated 20 AR-dependent genes previously characterized in clinically localized and metastatic CaP [13, 32] . Additional confounders included the focus on different CaP risk categories among studies [16] and the isolation of nucleic acids from frozen versus formalin-fixed, paraffin-embedded tissues. These factors could contribute to our finding that CaP location did not correlate with molecular taxonomy, Decipher score, or AR activity, in contrast to another report [35] . Notwithstanding these limitations, the values and ranges for the scores shown in Figure 5 and Supplementary  Figure 8 indicate that is reasonable to assume that for a nontrivial proportion of patients, the specific CaP that is assayed can alter their risk assessment/prognosis. For example, a 20% change in Oncotype DX score (20 on a scale from 0 to 100) is sufficient to alter prediction of stage and grade [34] . Direct comparison between cutoffs used in the commercial assays and the values of scores obtained from our quantitation method proved difficult because of the proprietary nature of commercial quantitation methods, the unavailability of three Decipher score transcripts, and difficulty in assessing how the tissues analyzed in this study compared to those used to generate the commercial assays.
The use of genomic classifiers to personalize treatment plans shows promise but is in its infancy [16, 26] ; additional validation and optimization are required to ensure optimal clinical decision-making. Our data indicate that taking into account the range rather than the absolute value of scores, the average score from two or more intraprostatic CaP foci, cooperativity between scores from different assays on the same tissues, and inclusion of DNA-based (eg, CNA [9] ) data may improve the performance of current and future prognosticators. Such fine-tuning will require systematic analyses of representative CaP foci, both retrospectively and prospectively, from larger multi-institutional cohorts of patients for whom clinical follow-up and responses to postoperative treatment are available. Such information will be critical in the development of prognosticators that provide information that is accurate enough to allow clinicians to recommend treatment only when necessary and maximize therapeutic benefit when treatment is given. 
